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Diagrama de blocos de uma fonte chaveada:
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Objetivos das malhas de controle:

* Garantir a precisdo no ajuste da varidvel de saida;

* Rdpida corregdo de eventuais desvios provenientes de transitorios na alimentagdo ou
mudangas na carga.
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Modelagem:
» Busca a relagdo entre a tensdo de saida e a tensdo de controle.

* Tensdo de controle é fornecida pelo compensador, a partir do erro existente entre a
referéncia e a tensdo de saida.
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Resistor

Indutor

Capacitor

Dominio
do tempo

Vg =R -1

d;
VL=L-—1

dt

VC=_. i.dt

Dominio
da freqiiéncia

Vi (s) =R -1(s)

V; (s)=s-L-1I(s)

1

Ve(s) = C I(s)
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L R
Circuito RLC série O—W\_/\/\/\f— o
Vir C —— Vout
O
ini Dominio
dDoog::\':o da freqiiéncia

di . 1. 1
Vin =L—+Re-1+—f1-dt Vi (s)=L-s-I(s) +R-I(s) + —="1(s)
dt C s-C

| . 1
Vout=6° i-dt Vout(s)=ﬁ°l(s)



TTTTTTTTTTTTTTTT Comportamento dos Componentes Passivos
L R
Circuito RLC série Oo— W
1 Vir C —— Vout
Vout (s) =——"1(s) | e
s-C
1 O
V. (s)=L-s-I(s)+ R-I(s) + —"1(s)
s-C
Fungdo de transferéncia
s

Vout (S) _ NI C
Vin (8) L-s-I(s)+ R-1(s) +L-I(s)

sC Vout (S) _ 1

V.(s) L-C:s>+R-C-s+1
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L R
Circuito RLC série 0 /m\_o/\/\/\[_
V.. (s) - 1 Vi C —— Vou
V.(s) L-C:s>+R:-C-s+1 .
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| —
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i(5) = G As) d(s) + G,(s) 7.(s)

G.ds) =

G,(s) =

i(s)

”~

d(s)

(s)
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«5)

¢ (5)=0

diz)=0

Standard form:

C

Gw.‘(S ) — GdO

(1+Qi00+(wio)’)
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Standard form:

s V.-V V, Vv
| (I_Wz) Co="TpT =T T ppe
Gw!(.s.) — GdO ( | .
1+ —— + (i)) .
® V.-V |
Q 0 Sty 0):_ gLI _ Df (RIT:P)
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Exemplo numérico - conversor Buck-Boost:

D =0.6

» =100 \ow\:ﬁflszssdB

kg =Y AE 1|7‘D|'3 = 469V = 53.4dBV

L =160uH o, .

C =160uF fo= 35 = 5mpe - 400HZ
0=DR\/ & =4=12dB
f=ax- DR _g6KHz
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ITA CATARINA

Exemplo numérico - conversor Buck-Boost:

Bode plot: control-to-output transfer function

80dBV T .
|G, |l 1 LG,
60dBV
40dBV T
20dBV T
0dBV 0°
—20dBV T T —90°
—40dBV —180°
| -270°
10Hz 100Hz 1kHz 10kHz 100kHz 1MHz
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ITA CATARINA

—

Exemplo numérico - conversor Buck-Boost:

Bode plot: line-to-output transfer function

20dB - -
|Kem| £G,
0dB
—20dB
—40dB
—60dB 0°
80dB | L _o0°
-180° .
-180
172
10'"%@o £
533Hz )
4 ; ; =270
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Table 8.2. Sdlient features of the small-signal CCM transfer functions of some basic dc-dc converters

Converter G G Wo Q ©,
v 1 /C
breck D D JIC RV T o0
1 v D e [C D"
boost D D /IC PRI L
_D _V D' o [ C DR
buck-boost D' DD" JLC DR T DL

where the transfer functions are written in the standard forms

GAs) = Gor (1_%:) ’ G,(s) =G - 1 -
(1+Qin)o+(wio)-) 1+ 5 * | a%)
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Simplified Analysis of

PWM Converters Using
Model of PWM Switch

Part I: Continuous Conduction
Mode
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INTROOUCTION

In this article e concepe of the pukenidth
modulation (PWM) swikh & introdeced which keads
10 consMoradle simglification in the analyss (lmcar
and sonlinear) and genccation of &caodo convertors
Tor show the simplcity and elegasce of the PRM swinch
miodef the de aad smallsigral apalysis of basik dcaodc
comveness is given. Of course, the resalts of the de
and smallsignal analysis of dessde PWM coavertess
are well kaowa woday froem the syitemaic method of
sie-spoce averaging and its canonicad cirouin madel |1,
2]. Hemcxe, bekue pang any ferther, a bnef desription
of the two model meationed above s pves and e
diference in the amalytcal apperach between them
= cxplamed n order 1o jmtify the parpoc of thix
artiche. Firn, the cavomics’ circuir mada) completely
repeosans o & and smallsignal charactensticos of 2
PWM comener and s obsalned after a considerablke
amount of matric manipulatioas in order 10 singlo out
the descable inpat and outpet characieristios of Mo
coaverter (mput impedance, lino-1o-owtput transker
fuaction, and owtput impodance) n addition % xs
coatrol-v-outpat characiersucs. The PIFM swinch
madel, ca the other hand, represeats ondy the & and
smallsignal characteristics of the noslincar parnt of
he comverter, which conssts of the active snd passve
switches (the PWM swilch), snd is oblaised adler & few
Enes of very simple slgehre The d and smallaigeal
characteratics of 3 PWM comverter are then obtained
by rephicing the PWM switch with ity oquivaleat
arcait moded m a masner smibar 10 obGrinng e
wmalsignal charactenistios of kncar amplifiers wheroty
Do transisior Is roplaced by i ogelvalont clrcult
model. Thore are two advaatages In udng e modol
of o PWM swirch. First, tic PWM swinch maoded
alows many PWM coaverters 1o be aralynod wsiag
simple linear choctronic circuit analysis programs
(P-SPICE, MICRO/CAP w same a few), which alkoww
o wer-defined models (muacros ), withoul secourse w0
specul-parpose prog: which ipelate stalcapace
eguatade. The socoad and more impoctant advantage
» 3 pedapepesl one. More aad more univenities arc
begmning 10 Weach power electronia ot the senior lovel
n their wadergroduato program. Albough students
o this level are famdiar with some matrix algebra, it
would be far casier for Bem w lears all aboul de &
and spal-signal peopenics of PWM comverers usng
e method of aquivalens cicwit aoded which ey
learsod i their cledtsomio counses curlicr. Stadents
spend quite & bat of time keaming abost the noalimear
charactenatics of the eaackior and s umallaignal

quivalcst i dcl They later wae this model
w analyre the small-sigral characieristios of Incar
amphficrs smply by replacing the wansiswor with
its equivalent cirouit model Why not do the same
In power elecironies? Ukimatcly, whether of no
e PWM salich model presosted here bs a welud
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Simplified Analysis of
PWM Converters Using
Model of PWM Switch
Part Il: Discontinuous
Conduction Mode

VATCHE VORPERIAN
Virgisia Polytechaic Institete and State University

According 1o the method of statespace wversging when o
pulsewidih modulation (FWM) comverter emters disconllssous
condection mode, the inductor corrent state Is Jost from the
werage model of the couverter Im this work, It s showm that
Uhere bs nelther theoretical nor experimental Justification of the
dissppesrunce of the inductor siate as clalmed by the method of

slateapace svernging For exnmple, when the mudel of the PWM
D L T L dosst bosn wwmndha (TR b codctbine o

Fungao de Transferéncia dos Conversores

INTRODUCTION

In this article the model of the pulsewidih
modulation (PWM) switch in discontinwous conduction
mode (DCM) is developed and used in the analysis
of PWM converters operating in DCM. As in the
case of continuous conduction mode (CCM) (3], the
model of the PWM switch in DCM represents the
de and small-signal characteristics of the nonlinear
part of the converter which consists of the active and
passive swilch pair as shown in Fig. L. In contrast 1o
the model in CCM, the model of the PWM switch in
DCM contains small-sigaal resistances which damp the
low-pass filter to the point where two real poles are
formed. The physical significance of these smallsignal
resistances is casy to understand as they represent the
load dependent nature of the conversion ratio of these
converters in DCM, The motivation and advantages
behind the method of analysis presented here are
discusscd in Part [ of thas paper |3}

Whereas, use of the model of the PWM switch
in CCM yiclds the same results as those given by
the method of ststcspace averaging, in DCM the
model of the PWM switch yields results which are
different than those given by state-space averaging
[1}. The fundamental difference between the two
methods is that statsc-space averaging predicts that
the discontinuous current state does not contribute to
the order of the average model while the PWM switch

e —

e ———
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Exemplo completo de aplicagdo: Conversor Buck

Conversor
L. S, L,
+ ' 0 5 ® N ¥ ® n Y Y Y ) ® +
R, s
Vv, = V=V, Dz v, C, T Ro§ v,
C. T
—_ ® _ ® — ® —_

Filtro de entrada

Filtro de saida



A /‘\/ab
Vab E(S)= ;/I
Gl(s)= 27’
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Modelo de regime permanente
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l; | 1: D ic
1 ) — +
- eq i ¢ [
: + +
vi=10 <v> beg Vab
Vap Vep
— ® Y S
A V. ~ A " v, * ~
V3P=V3q=%p°d A Vo ch=D'Vap=D'B'd=\/i'd
Vap=_l’d R A A
Vap=K D Vab=ch—V a
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l; 1: D I,
> . Il — -
+
— Veg +
C o
+ +
Vi = O (\/ leq Vab
Vap ch
— o

Note que i; ndo interfere em G(s).
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i; a 1:D ¢
+ —> »— +
lc
e ¢ ¢
Vi — T T Vab
Vap Vep
d=0 B
p
ch=D'Vap=D°Vi A
ab
A A ﬁ(s)= g =D

Note que i. ndo interfere em F(s).
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Modelo de regime permanente

Lo C
+ >4 +
]V
Vab Co p— Ro §V0
I/o=l/ab ]0=1V€v0 [L0=[0=IC=II;0
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Modelo de pequenos sinais para determinar G(s):

L .
lc 0 lLo
I >» A A >——9 I
+ Vio = . YV
lCo loY
Vab Co — Ro §V0
®
Vab = Vio+ Vo A "‘/ R R "\/
A [0=—O Vab=S°L0°iLo+Eo

Vio= S LO'iLo Ro 0]
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Modelo de pequenos sinais para determinar G(s):

L .
lc 0 lLo
I >» A A >——o I
+ Vio = . vV
lCo loY
Vab Co p— Ro §v0
o
ILo ICO+IO ILo—SC Vo+_ A
0 / y .

iCO=S.CO.VO Vab:S.LO.\S.CO.VO'l'

O)+v
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Modelo de pequenos sinais para determinar G(s):

lc 0 I Lo
I ' A 8AA >——b9 I
+ v, — :
ko ico] Qo)
Vab Co — Ro §v0
®
) R
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Modelo de pequenos sinais para determinar F(s):

Lc 0 I Lo
: > Y Y Y > ® :
T Vio iCov loY
Vab Co — Ro §V0
®
) R
F,(s)= AR 0
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Fungdo de transferéncia da tensdo de saida pela razdo ciclica 6(s):

Sl

Conversor

Filtro de saida

+ ¥ ? T +
D1 JAN v, CO RO § Vo
y v
Gl (S)= VT;b (S) ;/;
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Fungdo de transferéncia da tensdo de saida pela razdo ciclica 6(s):

v, = D = V., CoT Ro§ Yo
RN A AR AR SR
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Fungdo de transferéncia da tensdo de saida pela razdo ciclica 6(s):

+ ¥ ? n +
v, = D = v C, - Ro§ v,
V.- R
G(s)=— :

L -C R +sL +R
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SANTA CATARINA

, S00uH @
1 g ab ) (o)
V R Y i
i 0
G(S)= > 100 ‘1o0ur  L10
$-L-C R +s-L +R & Lo Lk 1o gn
0 0 0 0 0 0000
60 oO——— T T ———F—
40
-50
20
G 4p(®) G50(®)-100
0
- 150
-20
=40 ~200
1 10 100 1-10° 1-10* 1-10° 1-10° 0.1 1 10 00 1100 1100 1100 1-10°
w w
2:7 2:7

Diagrama de bode de mddulo e fase.
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SANTA CATARINA

70.00
60.00
50.00
40.00
30.00
20.00
10.00

0.0

400 [ecccccecececcccncncnccdencecsccncncncncnacacss e ——————

DBE Joscmcacacananacnacanasd ....................... LA
17" Y RERRRRRRRERMRNEN FAR— -
0.40

0.20 L---_---_---._-_-_-.--_,E ....................... LR AR A

0.0 " e e R A e e e e e

400 450 5.00 5.50 6.00 6.50 7.00
Time (ms)
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Fungdo de transferéncia da tensdo de saida pela tensdo de entrada F(s):

Filtro de saida

S, L

+ XTZ PR n Y Y XY +
Vi D, & Vab C, R, § Yo
A== Rls)-=
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Fungdo de transferéncia da tensdo de saida pela tensdo de entrada F(s):

Va\

R

AL A AR AT FerRY.
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Fungdo de transferéncia da tensdo de saida pela tensdo de entrada F(s):

+ ¥ ? n +
Vi T D,z v, C,+ R,z %
D-R
F(s)= ;

s’*L -C ‘R +s-L +R
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SANTA CATARINA

Fungdo de transferéncia da tensdo de saida pela tensdo de entrada F(s):

, S00uH @
1 g ab ) (o)
D-R, y .
F(S)= > 100 *10uF §10
L -C R +s-L+R & Lo re gn
+ + ; D
S 0 0 0 S 0 0 0000
0 777
-20 -50
F ip(®)-40 Ffase(®©)-100
“60 - 150
-80 -200
1 10 100 1-10° 1-10% 1-10° 1-10° 0.1 1 10 100 .10 110t 1100 1-10°
w
2:7t 2:7t

Diagrama de bode de médulo e fase.
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SANTA CATARINA

Fungdo de transferéncia da tensdo de saida pela tensdo de entrada F(s):

70.00
60.00
50.00
40.00
30.00
20.00
10.00

0.0

100.00 ----------------------- i
80.00 f--------omemmomeneoes ----------------------------------------------- ----------------------- ----------------------- -----------------------
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Fungdo de transferéncia da tensdo de saida pela razdo ciclica 6(s):
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SANTA CATARINA

Fungdo de transferéncia da tensdo de saida pela razdo ciclica 6(s):
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SANTA CATARINA

Fungdo de transferéncia da tensdo de saida pela razdo ciclica 6(s):
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Fungdo de transferéncia da tensdo de saida pela tensdo de entrada F(s):
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Fungdo de transferéncia da tensdo de saida pela tensdo de entrada F(s):
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ATARINA
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ITA CATARINA

wave
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Consideragoes:

* A portadora define a freqiiéncia de comutagdo;

* O sinal modulante deve ser aproximadamente continuo durante um periodo da
portadora;

* O sinal modulante define a fundamental da grandeza de saida do conversor.
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Considerando uma dente-de-serra linear:

Para:
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Perturbando o sinal no tempo:
d(t)= D+ d(t 7 +9, +d
() +A() V.+79.(5) N .rl,_ D ((sl
v.(t)=V,+ ve(t) )
Resultado: pulse-width
¢ “modulator
d (t) - ( ) Relagdes CC:
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D+ d(s)
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Amostragem do sinal modulante (tensdo de controle):
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pulse-width modulator

Consideragoes:
*  Ocorre uma amostragem da tensdo de controle a cada periodo de comutagdo;
* Assim, o teorema da amostragem (Nyquist) deve ser levado em conta:
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Controle de conversores cc-cc:
Modelagem dos conversores;

Continua...
Controle de conversores.
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